Among them, the observation height is a critical parameter for determining the detection sensitivity; optimization of this height strongly depends on the kind of spectral lines employed and thus should be performed as a compromise condition. Several previous studies have clearly indicated that this effect is principally derived from the heterogeneity of the ICP, which comprises several portions having different temperatures such as the initial radiation zone and the normal analytical zone. 3 The structure of ICP would lead to non-thermodynamic equilibrium conditions in the excitation of emission lines, thus leading to complicated variations in their emission intensities. It has been also understood that the complicated plasma structure can be changed by adjusting the experimental parameters, such as the flow rates of the plasma gases and the radio-frequency power.
Studying the spectrochemical characteristics of ICP gives us fundamental information on the optimization of the experimental conditions. The temperatures and the number density of plasma gas (excited species) as well as of electron are important parameters for the excitations of sample species in the plasma, and some of these parameters can be deduced from spectrometric measurements. 4 Furthermore, the degree of ionization of sample species would give a useful criterion for controlling the operating conditions of ICP.
Some modern ICP apparatuses have two modes of observation: the measurement of emissions taken along the axis of the plasma (axial mode) and perpendicular to the plasma (radial mode). In conventional ICP systems, the radial mode has become much more widespread compared to the axial mode; however, it was reported that the use of the axial mode yielded better analytical performance in ICP analysis. 5 This was because the emission intensities of analyte atoms became larger by using the axial mode, so that the slope of the calibration curve could be elevated and the detection limit could be thus improved. The different spatial contribution of the emissions for the two observation modes will cause such differences. However, few papers have reported any comparison of the fundamental mechanism of their excitations. In this research, we investigated the spectrochemical characteristics of emission lines, measured with an ICP-OES apparatus having both axial and radial observation modes, in order to discuss each excitation process.
Experimental
Apparatus Figure 1 shows a schematic diagram of the ICP torch employed and Table 1 summarizes the operating conditions. As shown in Fig. 1 , the axial mode means an observation along the axis of the plasma and the radial mode means an observation in a direction perpendicular to the direction of the plasma. In the radial mode, the plasma is observed at the portion of 10 mm above the load coil (normal analytical zone). In the axial mode, a lens system having a long focal depth (f = 320 mm) allows us to observe almost the same portion of the plasma as in the radial mode through the tail zone. It is therefore expected that the axial observation will give overall information on larger portions of the plasma from the normal analytical zone to the tail zone, because the depth of focus is large. By using an ICP optical emission spectrometer having two different observation modes, the authors compared the spectrochemical characteristics of various emission lines as viewed from the axial direction and the direction radial to the long axis of the plasma. The excitation temperature, the emission intensity, and the degree of ionization were investigated when iron and chromium were employed as the test sample and further potassium was added as an interfering element. These observations could lead to a similar conclusion that the emission intensities from the axial direction were more easily affected by the potassium addition. The reason for this effect is probably because the portion of the plasma observed from the axial direction includes the tail zone which is apart from the induction zone and thus has lower temperatures. On the other hand, in the radial observation, one can observe the emission intensities from a narrow portion of the plasma just above the load coil. The axial observation mode gave better analytical performance, including a lower detection limit as well as a better signal-to-background ratio, compared to the radial observation mode. However, interferences from co-existing elements should be noted if the axial observation is employed in practical applications.
Reagents
The stock solutions (10 mg/cm 3 ) of chromium and iron were made by dissolving each high-purity metal (purity, 99.9%) in small amounts of 6 M hydrochloric acid for chromium or 7 M nitric acid for iron, and by subsequent dilution with each dilute acid. Sample solutions with metal concentrations of 0.01, 0.05, 0.07, 0.1 and 1.0 mg/cm 3 were prepared by diluting with deionized water. Potassium chloride powder (high-purity reagent grade) was dried at 110˚C and then was added to the sample solutions at potassium concentrations of 0.01, 0.1, 1.0, and 10 mg/cm 3 , when the effect of ionization interference was investigated.
Procedures
The excitation temperature, the emission intensity, and the degree of ionization were estimated when several series of emission lines were measured under the same plasma conditions in the axial mode and in the radial mode of the spectrometer. The effect of the potassium addition on these experimental values was also investigated. In addition, the analytical performance, such as the slope of calibration curves, the detection limit, and the signal-to-background ratio, was compared for the cases when potassium was added or not.
The excitation temperature was calculated from a Boltzmann plotting method. 4 We employed two series of chromium emission lines: 8 atomic lines (Cr I) at wavelengths between 373.08 and 390.29 nm and 12 ionic lines (Cr II) at wavelengths between 282.23 and 287.04 nm, 6 and a series of iron emission lines comprising 9 atomic lines (Fe I) at wavelengths between 367.99 and 384.11 nm. The excitation energies range from 3.32 to 5.85 eV for Cr I, from 5.80 to 8.15 eV for Cr II, and from 3.33 to 4.83 eV for Fe I. 7 All the corresponding gA values (transition probability) are available in the literature. 8, 9 The intensity ratio of an ionic line to an atomic line having almost the same excitation energy can be employed as a criterion regarding the ionization of the corresponding element: the degree of ionization reduced from Saha's equation. We estimated the ionic-to-atomic intensity ratios of the following emission lines: Fe I 381.54 nm (4.73 eV); Fe I 382.78 nm (4.79 eV); and Fe II 262.17 nm (4.76 eV).
In order to compare the excitation behavior between the axial and the radial mode, the ratio of the emission intensity in the axial mode to that in the radial mode, the axial-to-radial intensity ratio, was observed by using iron ionic Figure 2 shows an example of Boltzmann plots of the Fe I lines when their emission intensities are measured in the axial and the radial observation modes. Both of the plots follow almost a linear relationship. It means that the observed ICP is in local thermodynamic equilibrium (LTE), represented by a characteristic temperature (excitation temperature), and that a dominant thermal process would determine the populations among the corresponding excited energy levels of Fe atom. The correlation coefficient for linear regression is calculated to be -0.9948 (axial mode) and -0.9913 (radial mode). As was the case for the Fe I lines, Boltzmann plots of the Cr I and the Cr II lines yielded good linear relationships. Therefore, according to Boltzmann distribution equation, 4 each excitation temperature was able to be estimated from the slope of their plots. excitation temperatures is found in the radial mode, whereas, in the axial mode, the excitation temperature for the Cr II lines is fairly higher than the temperatures for the Cr I and the Fe I lines. In the case of the radial mode, a LTE condition seems to be satisfied among the excited energy levels over a wide range of the excitation energy because the excitation temperature calculated from the Cr I atomic lines is similar to that from the Cr II ionic lines, indicating that the radial mode provides plasma information only from a particular portion where a strict LTE condition is maintained. However, there is a large difference in the excitation temperature between the Cr II ionic lines and the Cr I (or Fe I) atomic lines in the axial observation mode. Such non-LTE characteristics would result from different conditions for their ionization and excitation depending on the portion of the ICP, because the axial observation gives overall information from larger portions of the plasma, including the tail zone where atomic lines having smaller excitation energies would be dominantly excited due to the lower temperature.
Results and Discussion

Excitation temperature
Ionization interference
It is well known that easily-ionized elements such as alkali metals may cause an interference with the ionization/excitation of analyte atoms in the plasma, called ionization interference, and thus change their emission intensities. This phenomenon can be explained from selective ionization of the easily-ionized elements, resulting in a decrease in the electron temperature. We investigated the effect of the ionization interference relating to the observation modes of the spectrometer in the case where the intensities of ionic emission lines of chromium as well as iron were measured when potassium was added to the sample solutions as an interfering element. The sample concentration was kept at 0.1 mg/cm 3 and the potassium concentration was varied from 0 to 10 mg/cm 3 . In order to the fluctuation in sampling amounts for each measurement, the emission intensities of the analytical lines in the axial mode and the radial mode were simultaneously measured.
As shown in Fig. 3 , the axial-to-radial intensity ratios of the iron lines are reduced with an increase in the potassium content, whereas those of the chromium lines are only a little changed by adding potassium. These results indicate that chromium is less affected by the ionization interference from potassium while the interference appears in the ionization of iron more clearly. As illustrated in Fig. 1 , the axial mode gives spectral information from larger portions of the plasma including the tail zone. Because the tail zone is apart from the coupling zone and so receives lower rf power, the ionization interference from potassium would occur so as to change the emission intensities greatly. This effect can be observed mainly in the axial observation mode. It is considered that the variations in the axial-to-radial intensity ratios are derived from the selective ionization of potassium which occurs at the tail zone more easily. The ionization interference can be considered to be a competitive reaction between the analyte element and the interfering element. Therefore, the first ionization energies of iron (7.86 eV), chromium (6.76 eV), and potassium (4.34 eV) provide a possible explanation for the different behaviors exhibited by iron and by chromium in Fig. 3 : iron a larger ionization energy larger than potassium has, while the ionization energy of chromium is smaller, which probably leads to the predominant decrease in the axial-to-radial intensity ratio of the iron emission lines.
The degree of ionization
The intensity ratios of the Fe II 262.17 nm to the Fe I 381.54 nm or the Fe I 382.78 nm, whose excitation energies were almost the same, were observed to estimate the degree of ionization of iron when potassium was added to a sample solution containing 0.1 mg/cm 3 Fe. As shown in Fig. 4 , in the case of the axial mode, the intensity ratios are definitely reduced when the potassium concentration was larger (which means a decrease in the degree of ionization), whereas the intensity ratios changed little in the radial mode. These observations imply that the ionization of iron was suppressed more dominantly at portions of the plasma observed from the axial direction. On the other hand, the degree of ionization is less affected by the potassium addition at the narrow portion of the plasma just above the load coil, which is sometimes called a normal analytical zone. It also indicates that the tail zone can easily be affected from any interferences because the tail zone is apart from the coupling zone with rf power and has a lower temperature. Therefore, the different behavior in the degree of ionization, appearing in two observation modes, could be explained from the inhomogeneous structure of the plasma. Figure 5 shows calibration curves of iron with and without the coexistence of 10-mg/cm 3 potassium, measured in the axial (a) and the radial observation mode (b). The Fe II 239.56 nm line was selected as the analytical line among sensitive iron emission lines. The emission intensities were estimated from triplicate measurements with relative standard deviations ranging from 2.2 to 7.4%. The emission intensities in the axial mode are much larger than those in the radial mode; however, the intensities are much reduced by the potassium addition in the axial mode, suffering from the ionization interference from potassium. The detection limits of iron were estimated from these calibrations as follows: 0.044 µg/cm 3 (no potassium) and 0.066 µg/cm 3 (10 mg/cm 3 potassium) in the axial mode; 0.066 µg/cm 3 (no potassium) and 0.13 µg/cm 3 (10 mg/cm 3 potassium) in the radial mode. The detection limit was defined as the amounts of iron corresponding to three times the standard deviation of the emission intensity when the blank solutions were aspirated.
Calibration curves
Furthermore, the following signal-tobackground ratios were obtained when 0.01 mg/cm 3 iron solutions were tested: 44 (no potassium) and 34 (10 mg/cm 3 potassium) in the axial mode; 33 (no potassium) and 18 (10 mg/cm 3 potassium) in the radial mode.
The analytical performance is slightly better in the axial mode rather than in the radial mode. However, one should notice that the ionization interference (probably any interference caused by co-existing elements) exerts more predominant influence in the axial observation mode. Therefore, it is important to select the observation mode when considering the matrix composition of samples or the matrix matching for standard solutions.
Conclusion
In the radial observation mode, the plasma is observed at a narrow portion of the plasma where the local thermodynamic equilibrium is fulfilled, while large portions of the plasma including the tail zone are observed in the axial observation mode. When an alkali metal was added to the sample solutions, larger changes in the emission intensity were observed in the axial mode rather than in the radial mode. The observations on the axial-to-radial intensity ratio as well as the ionic-to-atomic intensity ratio of iron emission lines could lead to a similar conclusion that the tail zone of the plasma was easily affected by a co-existing element, potassium. Although the axial mode provides larger emission intensity and larger signal-to-background ratio compared to the radial mode, one should note interference effects from matrix elements in the analytical applications.
